As Lewis acids, boronic acids can bind with 1,2-or 1,3-diols in aqueous solution reversibly and covalently to form five or six cyclic esters, thus resulting in significant fluorescence changes. Based on this phenomenon, boronic acid compounds have been well developed as sensors to recognize carbohydrates or other substances. Several reviews in this area have been reported before, however, novel boronic acid-based fluorescent sensors have emerged in large numbers in recent years. This paper reviews new boronbased sensors from the last five years that can detect carbohydrates such as glucose, ribose and sialyl Lewis A/X, and other substances including catecholamines, reactive oxygen species, and ionic compounds. And emerging electrochemically related fluorescent sensors and functionalized boronic acid as new materials including nanoparticles, smart polymer gels, and quantum dots were also involved.
Introduction
Different elements form a rich and colorful world dynamically, and they are in diverse forms of existence through a series of physical effects and biochemical reactions. To accurately understand these processes, we need to give consideration to their existence at the molecular level. The objects of scientists' research vary from single ions to complex and changeable proteins. In order to deeply understand them, scientists have devoted much time to developing effective recognizing tools, and molecular recognition sensors are utilized extensively. Normally, two conditions should be taken into consideration while fabricating an ideal sensor. First, it is necessary to have a specic recognition site that combines with objects such as the human microenvironment of ions, carbohydrates, peptides, etc. Second, the dynamic changes made by these combinations can be detected by monitoring environment, and some of the extensively used reporters are optical and electrical. 1 The interactions of recognition originate from noncovalent bonding, such as hydrogen bonds, van der Waal's forces, p-p interactions, electromagnetic effects and so on, extending to covalent bonds and other sensory systems. 2, 3 In recent years, using boronic acid groups to fabricate a variety of uorescent sensors have attracted great interest among scientists. Based on the principle that boronic acid forms a reversible ve-or sixmembered cyclic boronic esters with cis-1,2-or 1,3-diols, 4 the fabrication of boronic acid uorescent sensor extends from boronic acid-appended molecular sensors to apply unconventional smart new materials, including boronic acidfunctionalized polymers, boronic acid-modied nanoparticles, and boronic acid-based electrochemical sensors.
4,5
For instance, boronic acid-functionalized hydrogels are important smart materials that can be used to fabricate the self-controlled insulin releasing device in the biomedical eld.
6 Hydrogels endows special properties to boronic acid sensors due to their compatibility with organisms to a certain degree. 7, 8 Recently, numerous new types of boronic acid sensors have been fabricated to detect blood glucose concentrations, [9] [10] [11] [12] [13] ionic compounds, [14] [15] [16] [17] traces of water in solvents, 18, 19 hydrogen peroxide (H 2 O 2 ), [20] [21] [22] catecholamines, 23 as well as using boronic acids as biochemical tools for various applications, including tumor cell imaging, 24, 25 enzyme inhibitors 26 and cell delivery systems. 27 Therefore, the boron-based uorescent sensor is still hot in today's research. This review summarized the recent development of boronic acid-based uorescent sensors for carbohydrates, catecholamines, reactive oxygen species (ROS), ionic compounds and new materials. Although numerous remarkable achievements have been mentioned in previous reviews, 28 some areas of research have faded and many new and exciting areas have developed. In order to update knowledge of this rapidly developing eld, it is worth highlighting their merits and discussing the remaining shortcomings, as well as the development perspective of fabricating boronic acid sensors. It is also hoped that inspires others to exploit novel sensing strategies.
Carbohydrates boronic acid sensors
As the important material basis, carbohydrates widely distribute in the body and maintain the normal operation of life. They are usually divided into mono-, di-, and polysaccharides, which play numerous roles in nature. For example, glucose serves as the primary form of energy for basic life processes such as nervous system regulation, cell proliferation, etc. Cellulose endows nature with structural rigidity. Starch and glycogen can serve as energy reserves to sustain life. In addition, they can combine with other molecules to form glycoproteins, glycolipids and so on, 29 which play key roles in many biological basic activities such as cancer migration, 30 cell fusion, 31 protein function regulation 32 and embryo development. 33 Consequently, the recognition of carbohydrates in the medical, cell biology and other life sciences is of great signicance. 34 
Chemical basis for the combination of boronic acid and carbohydrates
The initial study of forming reversible covalent bonds between boronic acids and 1,2-or 1,3-diols can be traced back to 1959. Lorand and Edwards compared different covalent bond constants between the phenylboronic acids (PBA) and diols compounds involving saccharides via the observation of a pH drop. 35 As depicted in Fig. 1 , boronic acid interacts with water, resulting in a rapid transformation of the boron atoms from the trivalent plane sp 2 (neutral) form 1 to the tetravalent tetrahedral sp 3 (anion) form 2, and then releasing the proton. Due to the unique electron conguration of the elemental boron element 5, the electron conguration 1s 2 2s 2 2p 1 allows the form of three covalent bonds in the sp 2 geometry. In the sp 2 hybrid conformation, boron has only 6 valence electrons and can accept an electron pair, thus it is Lewis acid. Namely, boron has an "electron hole" that interacts with the Lewis base, thereby forming a covalent bond with the tetrahedral sp 3 geometry. It is an acid-base reaction that applies to the formation of borate ester. Davis et al. reported the relative rates of cyclic boronic esters, manifesting that the six-membered rings are thermodynamically more stable than the ve-membered rings. 5 Due to boronic acid and borate are likely to exist in two different hybrid forms of sp 2 or sp 3 , there are three processes in the boratesugar interaction process, and the equilibrium constant is expressed by K trig . The second equilibrium is the process of sp 3 hybridized borate anions 3 to borate ester anions 4 whose equilibrium constant is called K tet . These two equilibrium constants alone can't really reect the true situation of boronic acid combined with carbohydrates. Thus the third general combination constant K eq is oen used, regardless of the specic hybrid state of boron. Later, Wang et al. found that K tet was actually measured by the pH drop method, and K eq was measured by spectroscopy. 36, 37 Therefore, when comparing the literature value, we need to pay special attention to the specic method of determining the binding constant.
D-Glucose boronic acid sensors
As a basic necessity of organisms, D-glucose plays an important role in biological processes. Humoral abnormal glucose level is a warning signal for medical conditions, and the development of selective glucose sensors for clinical and biomedical applications has become a crucial goal in the eld of boronic acidbased chemical sensing. The selectivity of boronic acid for fructose has a higher abundance than glucose, thus reversing the intrinsic binding property has been the focus of early studies. 4 The selectivity of glucose can be achieved via molecular design, 38 and this technology is maturing, 13 and recent developments tend to produce glucose optical responses by inducing nanoscale self-assembly of boronic acid-containing amphiphiles or other materials. 39 This section will briey introduce uorescent sensors that were fabricated with anthracene, pyrene, heterocyclic ring as uorescent units, and then the analysis of ribose, 40 sialic acids, 25, 41 glucosamine, 42 ahydroxy carboxylate, 43 ATP, 44, 45 amyloid-b plaques 46 uorescent sensors are followed. This paper summarized the unique design ideas of these uorescent sensors, the luminescence response mechanisms and the development perspective in the future.
2.2.1. Anthracene boronic acid sensors for D-glucose ( Table 1 ). The rst application of boronic acid compounds as uorescent sensors dates back to 1992. Czarnik et al. reported the rst anthracene boronic acid sensor 5. 47 This work has a great signicance in the development of boronic acid sensors. Schwarz et al. reported that anthracene has higher uorescence quantum yields compared to benzene and naphthalene. 48 It is probably ascribed to the inuence of the longer conjugated rigid planar structure. Anthracene has a stronger UV absorption (K band) in p / p* transition. Therefore, Czarnik devised boronic acid sensor 5 using anthracene as a uorescent unit, which recognizes D-fructose selectively in aqueous solution at pH 7.4. The sensor 5 belongs to excited state internal charge transfer (ICT), composed of anthracene unit and the boronic acid unit. In ICT systems, heteroatoms or strong-inducing functional groups can lead to an imbalanced electron density in the excited state of the molecule, thereby the favorable dipole-dipole interaction is increasing between the uorophore and the surrounding solvent shell.
1 Interestingly, they found that sensor 6 has a smaller uorescence change, ascribed to the inuence of the adjacent hydrogens. 49 Those studies showed that pK a is a viable mechanism for signal transduction of carbohydrates bindings, providing some experiences for the future design of this type sensor. First, a tight, reversible association mechanism is needed. Second, the uorescence assay required a signal transduction mechanism.
Subsequently, Shinkai et al. reported the anthracene monoboronic acid sensor 7 selectively recognizing D-fructose and the anthracene diboronic acid sensor 8 which selectively recognizes D-glucose.
50,51
The sensor 7 was combined with carbohydrates to form 7a, and its N-B bond interaction of 7a was enhanced, which hindered the photoinduced electron transfer (PET) process from the tertiary amino group to the anthracene uo-rophore. PET mechanism is generally believed that the aromatic ring electrons can be excited to the vibrational energy level of the rst electron excited state or higher excited state aer the aroma system is excited by the excitation light, and then it reaches the lowest vibrational energy level of the rst excited singlet state aer the internal energy conversion or vibration relaxation process. Finally, it returns to the ground state in the form of radiation to produce uorescence. 52 If there are nitrogen atoms and other atoms in the molecule, due to the energy of the lone pair electrons is between the ground state and the singlet state, the solitary electrons can transfer to the aromatic ring of the electron decient and occupy its orbit, resulting that the original excitation of the electrons can't return to ground state, and can't produce uorescence. Thus this combination brings great changes in the uorescence properties that can be applied to detect specic carbohydrates. 53, 54 The discovery of PET mechanism will contribute in the future study of uorescent sensors. However, the PET mechanism is not consistent with all data based on boronic acid sensors. Recently, Sun et al. proposed internal conversion mechanisms supported by three aspects. First, the receptors and its complexes with fructose are solvent-inserted without B-N interaction. Second, these sensors were also veried to not be aggregated. Third, there was no uorescence response upon binding fructose while the -B(OH) 2 was converted to the -B(OMe) 2 groups in pure methanol.
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Similarly, anthracene was used as the uorescent unit of sensor 8, but its selectivity was reversed because of bearing multiple boronic acid groups. Based on the above studies, Eggert et al. fabricated the sensor 9 that has a better selectivity for D-glucose, compared to fructose and mannose, and its stable complex structure was conrmed by 1 H and 13 C NMR data.
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However, this was a part of the story. Diboronic acid sensors research was expanded by other groups. 57 Those studies give us a new insight: the inherent selectivity of boronic acid sensors to specic carbohydrates can be controlled by molecular design to form diboronic acid, which has better uorescence selectivity through comfortable spatial position between the two boronic acids. Later, Mulla et al. took advantage of this feature and fabricated the sensor 10 containing a redox-active tetrathiafulvalene (TTF) unit and two boronic acid groups to selectively recognize carbohydrates.
58
Recently, Wang et al. reported a sandwich boronate affinity sorbent assay (SBASA) for glucose detection. Sensor 11 was synthesized with anthracene group as a uorescent monomer.
59
This method has a higher selectivity, a wider linear range (0.003 to 3.0 mmol L À1 ) and a lower detection limit (0.8 mmol L À1 ).
Moreover, it was successfully applied to glucose detection in human serum samples.
With the further improvement of technology, the selectivity of diboronic acid to glucose has been applied to the study of living animals. Takeuchi et al. utilized the anthracene boronic acid sensor 12 reported by Shinkai et al. 60 to fabricate injectablesized uorescent beads with uniformity and high throughput via polymerization. Those uorescent beads were applied in vivo successfully by implanting uorescent beads into the ear skin of mice for continuous glucose monitoring. As a result, it was found that the uorescence intensity successfully tracked the uctuation in blood glucose concentration from 0 mg dL À1 to 1000 mg dL
À1
. 61 Subsequently, Takeuchi et al. went on further investigation by improving the polymerization technique.
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Hydrogel bers were fabricated, which could stay in mice for up to 140 days. When implanted, they can control and quantify the amount of uorescence. Moreover, they are easily removed from the body and have better applicability. (Table 2) . Pyrene belongs to the fused aromatic ring compounds, having highest uorescence quantum yields among benzene, naphthalene and anthracene. 48 And it is oen used in the basic theory study in the eld of uorescent sensors. A basic sensor should have three essential components: acceptor units, linker units and uorophore units. 63 Based on this principle and the uorescence resonance energy transfer (FRET) mechanism, James et al. fabricated a new boronic acid sensor 13. FRET is a nonradiative energy transition phenomenon. When the uo-rescent substance is excited, if the energy difference between the ground state of the donor and the vibration energy of the rst excited state is equivalent to that of the acceptor or the emission spectrum of the donor is effectively overlapped with the excitation spectrum of the acceptor, the donor will effectively generate the oscillating dipole, resonate with the dipole of the proximal acceptor and transfer the energy of the donor uorophore to the acceptor uorophore, resulting in a change in the uorescence intensity of the system.
Pyrene boronic acid sensors for D-glucose
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As mentioned in the previous part, glucose selectivity can be achieved via exquisitely fabricating receptors with multiple boronic acid groups. Such a modular approach to saccharide recognition has been pioneered by James, 65 Wang, 66 Singaram,
67
to name but just a few. The boronic acid sensor 13 contains two PBA groups for selectivity, two different uorophores units and a hexamethylene unit as a linker. 63 They found that hexamethylene was the best linker to obtain D-glucose selectivity. The emission wavelength of phenanthrene 15 (donor) was 369 nm and the excitation wavelength of pyrene 14 (acceptor) was 342 nm. They were overlapped. The conjugate of sensor 13 and the D-glucose was irradiated with the excitation wavelength of phenanthrene (299 nm), and its emission wavelength was further as the excitation wavelength of pyrene. Finally, the uorescence intensity increased 3.9 times at 397 nm. At 299 nm and 342 nm, the uorescence enhancement of D-fructose was 1.9 fold and 3.2 fold, respectively. D-glucose complex was a rigid 1 : 1 cyclic, while the D-fructose complex was a exible 2 : 1 acyclic. As shown in the results, the energy transfer from phenanthrene to pyrene in D-glucose complex is more effective than D-fructose complex. Thus D-glucose is responded by sensor 13. This study showed that two points should be taken into account while fabricating uorescent sensors employing FRET mechanism as a method to enhance sensitivity and selectivity. First, energy transfer in donors and acceptors should have corresponding uorescence relationships. Second, it is critical in this sensor that the two boronic acids groups have a comfortable spatial position. As such, there are some strict requirements in the use of the FRET mechanism, but it does offer another novel method to fabricate uorescent sensors. Subsequently, FRET mechanism is widely used in boronic acidbased sensor development.
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Due to the complex process of improving glucose selectivity by synthesizing diboronic acid groups or multiple boronic acid groups, Huang et al. had been exploring novel sensing regimes to improve the inherent selectivity of simpler monoboronic acid sensor 16, as depicted in Fig. 2 .
12 It is generally accepted that binding affinity of the boronic acid with fructose is higher than that with glucose. The specic recognition of glucose can be explained by the stoichiometric point of glucose and fructose binding to boronic acid. In the presence of D-fructose, a boronic acid derivative was produced to form an amorphous 1 : 1 conjugates. Highly ordered 2 : 1 uorescent conjugates were obtained in the presence of D-glucose. This sensor system utilized the selective sensing mechanism both of the interaction of boronic acid with diols and aggregation induced by pyridinium cation-p interactions. (Table 3 ). Due to a traumatic operation of the blood will make some patients have tensional and promote blood glucose, the test results can't correctly reect the patients' true blood glucose levels. If chemosensors can be used for continuous, noninvasive study of changes in blood glucose levels, it will greatly facilitate the clinical treatment of diabetes and related scientic research. Badugu et al. fabricated a water-soluble sensors 17 for non-invasive and continuous glucose detection based on the interaction between the quaternary nitrogen of the 6-methoxyquinolinium nucleus and the boronic acid group. When they are xed on contact lenses, it is possible to use for the detection of glucose concentration in intraocular liquids.
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Due to changes in the process of ICT, these sensors have good uorescence intensity and suitable spectral properties, which can be excited by inexpensive lasers. In the PET mechanism, the uorophore and the acceptor are generally joined together by a linker, as the majority of the anthracene boronic acid sensors mentioned above. But an important feature of ICT mechanism is that the uorophore is directly linked to the acceptor without the part of the linker. Push electrons (electron donors) and electron withdrawing groups (electron acceptors) are connected by the uorophores of ICT uorescent sensor to form a strong push-pull electron system, and the push electrons or electron withdrawing groups themselves act as recognition groups or a part of recognition groups. Normally, there is a certain conjugation between the acceptor and the uorophore, and the whole molecule is a large p system, and electronic groups or electron withdrawing groups can be used for acceptors. Based on the encouraging research results of Badugu and coworkers, Bruen et al. conducted an in-depth study of the affordable, continuous and minimally invasive glucose monitoring system. 69 The negatively-charged BA groups are capable of interacting with the positively-charged N present in the structure, resulting in uorescence quenching. In contrast, indirect sensing using BA species has also been explored, such as the selection of uorescein as uorophore for pairing with BA species. Due to the electrostatic interaction of uorescein and 17c, the uorescence of the uorescein is quenched. However, with the addition of glucose, the 17c preferentially binds to the glucose, and the uorescence intensity is restored by releasing the uorescein. Recently, Zhai et al. reported the synthesis of a new bisboronic acid sensor using copper catalysed azide-alkyne cycloaddition (CuAAC) reactions and fabricated a new glucoseselective uorescent sensor 21. 13 Interestingly, isothermal titration calorimetry (ITC) experiments showed that sensor has higher binding affinity toward glucose than fructose when two linkers with BPA were in the ortho-position. It manifested that the selectivity of glucose binding is modulated by the distance between the two boronic acid groups. Based on this principle, they fabricated sensor 21 subsequently. Excitingly, its uores-cent intensity shows compliance with ITC experimental prediction. and the uorescence intensity reached the maximum. Due to the oligomerization was a reversible equilibrium process, the adduct began to dissolve and the uorescence intensity began to decrease when the concentration was further increased.
In another intriguing example, Li et al. recently reported a similar glucose uorescent sensor 24 (TPEA + BAP) with the same response mechanism but a different method to induce aggregation, as depicted in Fig. 3 . 72 Negatively charge of phenylboronic acid-containing polymer (BAP) induced positively charged tetraphenylethylene (TPEA) aggregation by electrostatic interaction, thus aryl rotor intramolecular rotation was limited, and the excited state released uorescence through the radiation decay. Subsequently, aer adding glucose and glucose oxidase, there was the formation of H 2 O 2 that would react with PBA and then formed a weak acid phenol, thereby reducing the negatively charge on the BAP, resulting in disaggregation of TPEA. The limited internal rotation was liberated, and radiation decay transferred to non-radiation decay, resulting in uores-cence intensity weakening. Simultaneously, the team found that sensor 24 has small uorescence changes when added D-fructose, D-galactose, and D-mannose, and then they successfully used sensor 24 to detect glucose in human serum. This is the rst uorescent sensor based on the difference in acidity between PBA and phenol, which brings a new concept for the study of glucose uorescent sensors.
Ribose boronic acid sensors (Table 4)
Ribose can be used for the treatment of hepatitis B virus (HBV) and other diseases, the detection of ribose concentration in the body is very important. 73 Zhang et al. synthesized a set of differently substituted diboronic acid sensor arrays (25) , which achieved a discrimination of all tested ve disaccharides and six monosaccharides by linear discriminant analysis (LDA). 74 Fructose and ribose are the most selective in the binding selectivity of tested monosaccharides. The occurrence of different selectivity may be ascribed to the rigid and coplanar furanose form containing a pair of adjacent hydroxyl groups, which prefer to combine with boronic acid in order to minimize the angular strain. Moreover, the spatial orientation of the diol moiety largely regulates the combined process. This is the rst time the IDA protocol involving diboronic acid sensors, providing new ideas for the development of sensors. Lopez et al. described a new long-wavelength uorescent sensor 26 containing a tricarbocyanine and boronic acid structure. 75 By adjusting the pH of the medium, this sensor can selectively recognize different kinds of carbohydrates. In one typical example, sensor 26 can selectively recognize ribose and fructose in the pH range of 7.8 to 8.3. Interestingly, this sensor has the longest uorescent emission reported upon carbohydrates interaction. Aer excited at 720 nm or 637 nm, it has a maximum at 820 nm. Due to a sensitive signal in aqueous media and avoiding the use of co-solvents, sensor 26 can yield a true uorescent response. Therefore, this sensor is well-suited for detecting glycan abundance in cells or tissues as well as other bioanalytical applications.
Sialic acid boronic acid sensors (Table 5)
Cell surface glycoprotein is composed of sugar and protein, such as sialyl Lewis X, sialyl Lewis A, etc. closely correlated with the development of tumor cells. These cell surface carbohydrates are normally regarded as markers of tumor cells. 24 Borate compounds can bind to tumor cells and visualize them via uorescence. A sensor (such as anthracene boronic acid sensors) prepared by linking two boronic acid groups with a peptide has highly selective to sialyl Lewis X and can be used to selectively label the surface of human hepatoma cells. 76 Sialyl Lewis X is a kind of carbohydrates, which is not only considered a tumor cell marker but also as an antigen associated with the malignant behavior of tumor cells.
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In early 2002, Wang et al. reported the synthesis of an anthracene diboronic acid sensor 27 for sialyl Lewis X detection by an exquisite fabrication between diboronic acid groups.
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The sensor 27 has a strong affinity with sialyl Lewis X and is capable of selectively labeling sialyl Lewis X of HepG2 cells. Encouraged by the positive result, Wang et al. recently fabricated a novel uorescent sensor 28 which is capable of selectively labeling the HEPG2 and HEP3B cell lines at low concentration (1 mmol L À1 ).
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Chu et al. developed boronolectin with high affinity and selectivity to recognize sialyl Lewis X, and fabricated sensor 29 by conjugated boronolectin with known uorescent group BODIPY. In a further study, sensor 29 was successfully applied to uorescence imaging of implanted tumor in mice. 25 This work indicates that boronolectin can be used for selective imaging tumor in vivo.
Wang et al. synthesized four anthracene-based uorescent diboronic acid sensors (30a-d) and examined the selectivity of different length linkers for sialyl Lewis. 80 It was found that the uorescence of 30a increased aer binding to sialyl Lewis Y. The result indicates that 30a has a high sensitivity and selectivity for sialyl Lewis Y. Although all the diboronic acids 30a-d have very similar molecular structures, the different length linkers may affect the difference in the relative positions of the boronic acid groups, thereby causing different selectivity. Subsequently, Wang and co-worker evaluated the ability of 30a to selectively label sialyl Lewis Y-expressing cells and found that sensor 30a selectively stained HEP3B cells. To date, there are no sensitive and selective boronic acid-based sensors for sialyl Lewis Y, therefore sensor 30a is a very valuable research tool and potential diagnostic agent.
Chang et al. synthesized three potential diboronic acid uorescent sensors 31-33 to detect sialyl Lewis X, which bind to sialyl Lewis X antigens by PET mechanism. 24 Wherein the sensor 33 exhibits the strongest uorescence enhancement when combined with sialyl Lewis X. Moreover, it was conrmed non-toxic to the cells and well selective to detect sialyl Lewis X. This sensor holds great potential for the diagnosis of tumor cells.
Sialic acids are unusual carbohydrates that are widely expressed at the termini of glycan chains on the cell surface. In particular, compared to normal cells, it has a much higher expression level on the cancer cells surface. 
binding with sialyl Lewis X, showed close integration with hepatoma B cell-line PLC/PRF/5, with HepG2 , respectively. For systematic extension of the research, the numbers of HepG2 and MCF-7 cells were 120 and 64, respectively under the limits of detection. The relative standard deviations were 9.6% and 8.9%, respectively. And the linear ranges for HepG2 cell and MCF-7 cell were 300-1000 and 170-11 000, respectively. This method can be applied to analyze sialic acid on the tumor cells surface, which is favorable to diagnose cancer according to tumor markers. 83 
Glucosamine boronic acid sensors
Although pharmacokinetics and pharmacodynamics of glucosamine are unclear, glucosamine is one of the most popular nonprescription nutritional products on the market that is used to treat osteoarthritis. However, reports related glucosamine on the treatment of diseases are various, such as rheumatoid arthritis, gastric ulcer and hepatitis. 84 The concentration of glucosamine in normal living cells is between 1 and 2 mmol L 42 Based on a boronic acid-containing coumarin aldehyde, the sensor 35 has a smaller binding chamber. Due to form a boronic ester and an iminium ion, it exhibits an excellent selectivity for glucosamine. The aldehyde group of the sensor 35 can be reversibly bound to the primary amine to form an ammonium ion, and the ammonium ion enhances the ICT of the coumarin, resulting in a large red shi of the excitation spectrum. When added glucosamine at therapeutic concentration and excited at 488 nm, sensor emission increased and moved from 520 nm to 568 nm. The sensor has a higher uorescence intensity and binding affinity towards glucosamine than other similar biomolecules. Compared to simple amino acids, the binding
) was nearly two orders of magnitude higher. The study offered a new concept for the fabrication of a highly selective open optical sensor that selectively detects multifunctional biomolecules.
a-hydroxy carboxylate boronic acid sensors
Lactate is a biologically important a-hydroxy carboxylate formed by the red blood cells, and its abnormally high content (>6.5 mM) is associated with sepsis, trauma and other severe diseases. Therefore, monitoring lactate content is an important signi-cance for intensive care unit diagnosis and prevention of diseases. Hansen et al. reported that BODIPY-based boronic acid pinacolate derivatives sensors 36a and 36b act as high lactate selectivity detectors at physiological pH (7.4). 43 Interestingly, some biologically important monosaccharides (D-glucose, D-fructose, and D-mannose) were found to have no response to sensors 36a and 36b. The potentially interfering substances (L-malate, vitamin C) are oen overlooked because their concentrations are constant and low in the body. Sensors 36a and 36b have absorption maxima at 612 nm and 613 nm respectively, and their respective absorption spectra are the same as their excitation spectra. As the DL-lactate concentration is increased, sensors 36a and 36b exhibit a signicant increase in excitation and emission intensity. This phenomenon may be ascribed to the fact that the electrons are less likely to be accepted by the arylboronate unit, resulting in the oxidative quenching of the BODIPY core upon arylboronate formation decreasing.
Owing to most pharmaceutical agents requires asymmetric synthesis in the progress of discovery and production, the fabrication of available analytical tools for the recognition of the enantio-composition of reaction products plays a key role. Wu et al. fabricated chirality sensors 37 and 38 for a-hydroxy carboxylates by linked boronic acid groups to a perylene bisimide (PBI) chromophore and induced helical aggregation of achiral PBI.
86 PBI chromophore functionalized with boronic acid moieties is shown to be efficient chirality sensors for a-hydroxy carboxylates. The aggregates displayed induced circular dichroism (CD) signals from the PBI chromophore and indicated the ee of the analytes. In a further study, they combined sensor 37 with an aldehyde-functionalised PBI sensor 39 for sensing of L-DOPA. 87 As a result, owing to aggregation made the boronic acid and aldehyde groups form two dynamic covalent bonds, the two sensor components showed to be efficient binding to L-DOPA.
ATP boronic acid sensors
Adenosine triphosphate (ATP) mainly provides energy for cells and plays an important role in the activation of neuronal transmission, 88 ion channel. 89 The development of sensors that effectively detect intracellular ATP concentrations is important for the study of human metabolic activity and the monitoring of health levels. 90 Wang et al. reported sensor 40 that has good biocompatibility and membrane permeation can rapidly detect intracellular ATP. 44 There were three aspects facilitating the formation of ring-opening structure and produce strong uorescence. First, the boronic acid group combined with the ribose moiety of ATP via the reversible covalent bond and forms boronic acid esters. Second, the p-p stack was formed by xanthane and adenine. Third, there was the electrostatic interaction between the amino group and the phosphoric acid ester group. Sensor 40 is effective in response to ATP at a concentration of 10 mmol L
À1
, while has no signicant uorescence changes with other biomolecules such as carbohydrates, metal ions, etc. The team cultured cells with high levels of ATP by using camptothecin-induced apoptosis, and then sensed them with uorescent sensor 40. The results showed that camptothecin-treated cells were clearly stained, while the untreated control group was not stained. The sensor can effectively monitor intracellular ATP levels in real time and provides an effective strategy for the development of such sensors.
Jiang et al. reported that gold nanoparticles (AuNPs) coated with 4-mercaptophenylboronic acid (MPBA) can be used for the determination of ATP, as depicted in Fig. 5 . 45 Interestingly, the treated AuNPs are easily polymerized to form a boroxine ring, and its color changes from red to blue. However, in the presence of ATP, a stable borate ester is formed by the boronic acid group of the MPBA preferentially binding the 2,3-hydroxyl group of ATP. At the same time, the polymer dissolves and its color is reversed. In addition, AuNPs-based colorimetric assays successfully detected ATP levels in human breast cancer and in samples treated with antineoplastic drugs. Due to their low cost, easy preparation and the ability to perform bare eyes observation, colorimetric assays offer a potential new strategy for the early diagnosis of cancer.
Amyloid-b plaques boronic acid sensors
Amyloid-b (Ab) plaques are mainly composed of the amyloidb peptide, which is a key pathological feature of AD. 91 Thus, the detection of Ab plaques can be used to monitor the potential for AD progression in vitro and in vivo. 92 Recently, the interest in the research of the Ab plaque dye has increased, such as Thioavin T, 93 DAPI, 94 Congo red 95 and so on. Jung et al. found that boronic acid has a good selectivity to Ab aggregation and fabricated a boronic acid uorescent sensor 41c, which signicantly increased the uorescence intensity in response to Ab aggregation (64.37 fold, F Ab /F 0 ), and the wavelength had a blue shi (105 nm). 46 They found that boronic acid as a functional group improved the binding affinity with the Ab aggregates (K D value ¼ 0.79 AE 0.05 mmol L À1 for 41c) and conrmed that 41c selectively stained Ab plaques in brain slices of APP/PS1 mice. Using mice (normal and APP/PS1) for uorescence imaging in vitro also showed that 41c is able to penetrate the blood-brain barrier (BBB) and stains the Ab-plaque in the brain. From these results, it showed that 41c will be useful as a uorescent sensor in ADrelated preclinical studies and provides valuable information for the development of Ab-plaque sensors. 
Catecholamines boronic acid sensors
Catecholamines are benzene derivatives with two neighboring (ortho-) hydroxyl groups, including adrenaline, norepinephrine and dopamine and their derivatives. 96 Adrenaline and norepinephrine are not only hormones secreted by the adrenal medulla, but also the neurotransmitters of the norepinephrine bers in the central nervous system and the sympathetic nervous system. Adrenaline has low content in the central nervous system, while norepinephrine is widely present in the central nervous system and its content is more abundant. Dopamine is present in the vertebral body as a nerve medium. Catecholamines that contain a strong biological activity of endogenous substances in the brain are important adrenergic receptor agonists and play an important role in various nerve signal transmissions. The content of catecholamines in the organism is closely related to the physiological and pathological phenomena of the human body. Catecholamines not only regulate the metabolism in the body, but also affect the kidney, cardiovascular system, nervous system, endocrine system and other normal physiological activities. 97 The detection of catecholamines in the human body contributes to the diagnosis of renal insufficiency, thyroid dysfunction, diabetes mellitus, congestive heart failure and other diseases, and some tumor cells can lead to metabolic abnormalities of catecholamines in the body, such as some pheochromocytoma, neuroblastoma, paraganglioma.
In a further study of catecholamines, the analytical methods are increasingly diversied. It is important to choose a high selectivity and sensitivity method for catecholamines. Up until now, the main analytical methods are based on highperformance liquid chromatography (HPLC). It is less application via combining capillary electrophoresis with uorescence spectrophotometry or combining electrochemical analysis with liquid chromatography as analytical methods.
98 Catecholamines are chemically characterized by a dihydroxybenzene nucleus and a side chain with amino groups. In the biological sample, the content of catecholamines is very low. Furthermore, catecholamines have extremely poor stability and are easily oxidized. In addition, it is difficult to accurately determine the concentration of catecholamines in the biological sample by adding various endogenous chemical disruptors. High selectivity and sensitivity in the determination of catecholamines in biological samples such as the precise determination of serum norepinephrine or adrenaline are currently required to achieve the clinical goal, thus the development of a simple operation, cheap and highly sensitive detection methods is imperative. In recent years, the use of uorescent methods to detect catecholamines is various, wherein boronic acid uorescent sensors have been widely concerned.
99,100 Aromatic cis-diols or catechol derivatives interact with boronic acid and form reversible cyclic esters. In one typical example, Chaicham et al. reported a FRETbased detection system contained two different uorescent sensors and an appropriate catecholamine acting as a guest linker, as depicted in Fig. 6 . Catecholamine can interact with boronic acid and aldehyde, inducing the FRET mechanism to recognize the effectively structural similarity of catecholamines.
23
In another intriguing example, Jun et al. fabricated a uo-rescent sensor 42 which is used to detect catecholamines, such as dopamine, dopa, and 3,4-dihydroxyphenylacetic acid (DOPAC).
101 They found that DOPAC shows the largest association constant with sensor 42 and displays uorescence quenching effects, while D-fructose, D-glucose, and phenylalanine have no remarkable uorescence change. In addition, they carefully explained the unique intermolecular excimer formation and uorescence quenching effects with DOPAC and catechols based on the theoretical calculations. Ptak et al. investigated the interaction of PBA with noradrenaline, dopamine, L-DOPA, DOPA-P and catechol via potentiometry and NMR spectroscopy, respectively. For comparison, they fabricated sensor 43 and did the same test. They found that PBA has a high affinity to noradrenaline, while sensor 43 shows promising ability to bind dopamine. 102 Devi et al. reported a uorescent sensor 44 (Au-BSA-APBA) that amino phenyl boronic acid (APBA) conjugated to gold nanocluster (Au-BSA NCs) can apply to detect dopamine, 103 as depicted in Fig. 7 . It took advantage of the combination of lactose and uorescent sensors resulting in uorescence quenching, and then dopamine was competitively substituted for lactose resulting uorescence opening. Compared to glucose and galactose, the lactose molecule has two sets of cis-diols groups, showing the highest sensitivity to the Au-BSA-APBA sensor with a detection limit as low as 0.02 mmol L À1 . Due to the sensor has a greater affinity to dopamine, it is easier to form a stable complex. With the increase of dopamine concentration, lactose was gradually replaced, aggregates ruptured and restored uorescence with a detection limit of 0.7 mmol L À1 . The team found that the Au-BSA-APBA-lactose conjugate has a specic uorescence response in the presence of catecholamines such as adrenaline and norepinephrine. They also carried out the effects of interfering analytes including ascorbic acid, uric acid, arginine, histidine, and lysine. It was gratifying that the Au-BSA-APBA-lactose conjugate maintains the specicity and sensitivity to dopamine. Due to the green dual mode turn-off -turn-on nano-sensor and the simple method and low consumption time, the Au-BSA-APBA sensor has a great prospect in the future medical diagnosis and treatment.
Reactive species boronic acid sensors
Reactive oxygen species (ROS) are generally referred to a class of substances that contain active oxygen atoms in the body. 105 Therefore, the timely and accurate detection of the concentration of ROS in the body is very valuable in the prevention of disease, diagnosis, and treatment. However, due to the strong reactivity of active oxygen and poor stability, it is extremely important to develop sensors with high selectivity for ROS.
Hydrogen peroxide boronic acid sensors (Table 6)
As one of the most important biological ROS, H 2 O 2 is associated with immune system function and considered as the function of healthy physiological signaling pathways such as cell proliferation, differentiation and migration. Therefore, it is important to detect H 2 O 2 in vivo. 21 The 
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The sensor excitation wavelength was shorter (332 nm), but it could easily cause damage to the body in the cell or biological imaging. Subsequently, the team had been modied the sensor by introduced triazole to extend its conjugated system and fabricated sensor 46.
106 Interestingly, its excitation wavelength was red shied 70 nm, and was more suitable for imaging in cells and organisms.
Merocyanine is a heterocyclic compound consisting of an electron withdrawing group and an electron donating group such as a phenol group. When the electron donor group is converted from phenol to phenol salts, ICT mechanism will be signicantly improved. Zhan et al. reported a boron-based merocyanine sensor 47.
107 When H 2 O 2 was present, the borate of sensor 47 was oxidized and hydrolyzed to hydroxyl, and the merocyanine dye was released. The process remarkably changed from colorless (l max ¼ 391 nm) to dark red (l max ¼ 522 nm). The absorption peak of the merocyanine dye in its acidic form was at 420 nm, while the absorption peak in its alkaline form was at 522 nm. The sensor absorption was linear with the concentration of H 2 O 2 in the range of 1.0 Â 10 À7 mol L À1 to 2.5 Â 10 À5 mol L À1 with the detection limit of 6.8 Â 10 À8 mol L À1 under optimum conditions. Subsequently, they found that foreign substances had litter inuence on the sensor. In summary, the sensor is successfully applied to detect hydrogen peroxide in rainwater in a buffer solution of pH 9. The unique performance of merocyanine dye makes it possible to be a promising structural scaffold for fabricating sensors. Lampard et al. reported on a series of H 2 O 2 boronate uo-rescent sensors.
108 48a and 48b showed uorescent responses towards H 2 O 2 , which may be ascribed to the loss of ICT excited state. Whereas, due to the introduction of ICT excited state, the uorescence intensity of 48c and 48d decreased in the presence of H 2 O 2 . This shows the importance of electron-withdrawing or electron-donating groups in these systems. Based on the above principles, the research team synthesized two H 2 O 2 sensors (49 and 50) by using the same steps. Unfortunately, the extended conjugation between boronic acid and dimethylamino in 49 resulted in a uorescence response similar to that of 48c, whereas the uorescence of 50, although increased 3.6-fold, could not be applied to detection of H 2 O 2 with cell imaging experiments because of poor sensitivity. Nonetheless, these 
Other types of hydrogen peroxide boronic acid sensors.
Rare earth luminescence sensors have the advantages of large stokes shi and narrow emission range, thus they can reduce the interference of background uorescence and can be applied to the eld of biological detection. 113 However, the molar extinction coefficient of the rare earth compound is relatively low, and the organic ligand needs to be sensitized by energy transfer. Based on this mechanism, Chang et al. fabricated two lanthanide-based luminescent sensors 55 and 56.
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The electron-withdrawing boronic acid group on the aromatic ring sensitized the rare earth compound by hydrolyzed to a phenolic hydroxyl group or an amino group in the presence of H 2 O 2 , and then the sensors generated uorescence.
Xu et al. reported that borate-functionalized azaborinemethylene dyes 57 showed changes in intracellular H 2 O 2 during biological processes, as depicted in Fig. 9 .
115 This is a designed sensor for near-infrared imaging and dual-wavelength detection. Due to proper cell permeability and long excitation and emission wavelengths, it can avoid autouorescence from natural cell interference. Moreover, the selectivity of the boronic acid group to react with hydrogen peroxide is higher than other ROS.
Peroxynitrite boronic acid sensors
Peroxynitrite (ONOO À ) is a highly active oxidant and an effective nitrating agent in physiological and pathological processes, which is formed by nitric oxide (NO) and O
2À
. 116 The use of simple and rapid methods for the effective and applicable detection of ONOO À is increasingly signicant. Han et al.
synthesized a uorescent borate-based sensor 58 for rapid 117 The uorescent sensor KB7 was based on the effective coupling between DCM and the boronic acid moiety. DCM dye had a long excitation and emission wavelength 118 and the boronic acid moiety was acted as a saccharide receptor.
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The boronic acid moiety interacted rapidly with lactulose in an aqueous media and formed a uorescent KB7-lactose complex (sensor 58) that exhibits higher sensitivity and better selectivity for ONOO À than other tested substances. The introduction of the glycosyl group not only improved the water solubility and biocompatibility of KB7-lactose complex, but also protected the boronic acid from oxidation by other oxidants. This might be ascribed to the mechanism that ONOO À attacked aromatic carbon adjacent to the boron atom, resulting in partial cracking of the boronic acid. This study offers insight into the development of displacement test based on uorescent sensors with enhanced water solubility and biocompatibility.
Ions boronic acid sensors (Table 7)
Owing to the simplicity and the low detection limit of the uorescence, sensors based on the ion-induced changes in uorescence have attracted numerous researchers devoting their time and energies to the investigation. Recently, an abundance of boronic acid sensors is fabricated to detect all kinds of ionic compounds, including uoride sensors, 17 copper ions, 120,121 mercury ion, 122 etc.
Fluoride ion boronic acid sensors
Low concentrations of uoride anions have been shown to be effective in preventing dental caries, and their levels in water are above 4 ppm, which can seriously affect human health, such as uorosis. It is becoming extremely important to monitor the concentration of uoride in real time by the simple and efficient method. 123 Mohammadpour et al. reported that carbon nanodots (CDs) can be used as a uorescence platform for recognition of uoride ions by the inner lter effect (IFE) of simple aryl boronic acid, and conducted the comprehensive experiments and theoretical studies of water-soluble uoride sensors. 17 The comparison of the UV spectra of NPBA and PBA has reected that the acidic power of the NPBA's acid surpassed that of the PBA when adding the uoride. It indicated a signicant effect on the acidic power of the aromatic acid by the resonance overlap when the electron withdrawing groups was on the paraposition of the benzene ring. In this experimental condition, it was determined to achieve maximum uorescence change when the NPBA concentration was adjusted to 0. 5 124 This is a combination of uoride ions that triggers the aggregation of sensor 16 with catechol in an acidic aqueous solution, resulting in intense uorescence changes. The uoride binding constant is higher than 10 3 L mol À1 . This may be ascribed to the presence of the catechol increasing the Lewis acidity, thereby enhancing the uoride affinity of the boronic acid. In addition, the boronate uoride complex is mixed with bulk water to enhance the apparent uoride affinity. Confocal microscopy showed that sensor 59 entered the cells and showed strong uorescence in the absence of external copper ions. On the contrary, it was observed a very weak uo-rescence response when 5 equivalents of Cu 2+ (250 mmol L À1 )
Copper ion boronic acid sensors
were added, illustrating quenching. These encouraging results have great guiding signicance for the development of ion sensor systems. Maity et al. reported on new boronic ester sensor 60 that can be used for the detection of both Cu 2+ and F À ions. 121 The addition of F À results in a change in the absorption spectral distribution, which may be ascribed to the coordination of F atoms on the electron-poor boron atoms, resulting in a small blue shi of the lowest energy absorption band, and excessive in the resulting 2 : 1 complex to form a strong and beautiful yellow color. This sensor is capable of detecting both Cu 2+ and F À ions as a very rare example.
Mercury ion boronic acid sensors
Inorganic mercury is one of the most common toxic metals in nature, and it may cause great damage to the brain, kidneys and endocrine systems. 14 Therefore, the detection of mercury ions and mercury salts is of great signicance. Kim 
Other ions boronic acid sensors
The use of cyanide is widespread in chemical and related industries, which eventually accidental releases into the environment. Cyanide can inhibit cytochrome oxidase activity and is considered as one of the most toxic compounds. Normally, oral administration of a small amount of CN À solution is sufficient to cause death in a few minutes. Consequently, it is important to develop a highly sensitive sensor for CN À detection. 16, 128 Wang et al. fabricated boronic acid sensor 64 with 2-aminophenol and (2-formylphenyl)boronic acid as raw materials. 129 The sensor has a strong uorescence efficiency at 540 nm, which may be ascribed to the B-N interaction of the rigid ve-membered ring framework. Interestingly, the uo-rescence disappeared when added CN À . While the addition of
cause much uorescence change. The detection limit of the boron-based receptor for CN À was determined to 645 ppm by uorescence titration experiments. In the past, most of the CN À sensors relied on the interaction of hydrogen bonds to improve the selectivity. Furthermore, sensors were interfered by F À , AcO À . 130 Boronic acid sensor 64 removes of those defects, and its own structure is simple and easy to fabricate.
Owing to mining, electroplating, dyes and other industries discharge a large amount of waste water containing Cr, it brings great harm to the environment. The development of sensors capable of efficiently monitoring Cr in real time can undoubtedly control the random discharge of Cr and reduce the pollution of heavy metals to the environment. 131 Tian et al. used 3-aminophenylboronic acid as a starting material to prepare nitrogen and boron co-doped carbon dots sensor 65 that has a high quantum yield. 132 It has a good linear relationship in the concentration range from 1.39 to 260 mmol L À1 , and R 2 reaches 0.997. The detection limit is 0.28 mmol L À1 . The synthesized N/ B-CD exhibited strong green uorescence, which is applied to real sample detection. The moreover, the sensor was utilized for the analysis of dopamine in biological samples.
Electrochemical boronic acid sensors
Electrochemical sensors detect compounds by converting biological events to an electronic signal through the special combination or catalytic reaction on the electrode surface.
133,134
The electrochemical biosensor is typically fabricated by modifying the surface of the metal and carbon electrode with special materials, such as polymers, self-assembled monolayers, organic oils, biomaterials (enzymes, antibodies), and so on. One of the most widely studied electrochemical biosensors is based on ferrocene boronic acid (FcBA). 136 Due to FcBA containing the unique properties of binding sites (boronic acid moieties) and electrochemically active moieties (Fc residues), 137 it is normally used for electrochemical sensing of ribose, 138 glycosylated hemoglobin (HbA1c), 135 uoride ion, 139 etc. The basis of the electrochemical determination of carbohydrates mainly consists of two aspects. First, it is the cyclic borate formed by FcBA residues with 1,2-or 1,3-diols. Second, the redox properties of FcB-carbohydrates adducts are different from those of free FcBA.
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It is generally accepted that microRNAs (miRNAs) play a key role in cancer diagnosis and prognosis serving as reliable molecular biomarkers. Xia et al. used FcBA as a redox marker and fabricated a label-free electrochemical sensor which is sensitive to miRNAs. 138 The surface of the Au electrode was modied with a single molecular layer of single-stranded deoxyribonucleic acid (DNA). Aer incubation of the electrodes in the sample solution, FcBA was anchored to the ribose sugar in miRNAs via the formation of the boronic acid ester covalent bond. Consequently, miRNAs could be captured by the pre-immobilized DNA sensor and recognized by voltammetric measurement of FcBA. Due to the 1,2-diols function can't be used for DNA, FcBA can selectively recognize miRNAs in the concentration range of 5 nmol L À1 to 1 mmol L
À1
. Thakur et al. fabricated a new ferrocene-modied boronic acid sensor 66 and found the electrochemical and spectral properties in acetonitrile. 139 The sensor exhibits large cathodic displacements of the redox potential of Fe (II/III) pairs when combined with uoride ions (K ¼ 10 6 L mol À1 ), whereas it displays a negligible affinity towards other effective competitors, such as Cl
It indicated that the sensor has good selectivity for uoride ion in organic solvents. Consequently, it can induce a strong color change from yellow to deep green associated with aerobic oxidation of the Fc moiety, and the uorescence emission is quenched drastically. Due to the transformation of boronic esters to anionic borates, there is a strong effect on the redox potential and color adjacent to ferrocene. Therefore, it holds the potential to "naked eye" detection of uoride ions.
Zhou et al. developed a potentiometric method for the detection of sialic acid.
141 Glassy carbon (GC) electrodes were modied with poly(anilineboronic acid) (PABA) and electrodeposition of reduced graphene oxide (ERGO). The principle of sialic acid detection is ascribed to the reversible covalent bonds of PABA/ERGO/GC electrode. Boronic acid and diols formed a cyclic ester, as depicted in Fig. 10 . Due to the introduction of the graphene layer on the electrode surface, the prepared electrochemical sensor signicantly improved the sensitivity of the sensor response. Under the optimum conditions, the detection limit of the sensor is 0.8 mmol L À1 and the linear range is 2 mmol L À1 to 1.38 mmol L À1 . Furthermore, the electrochemical sensor has the advantages of good stability and high selectivity.
It is able to accurately analyze sialic acid in human serum. The use of boronic acid electrochemistry as a new method of sensing carbohydrates and other substances holds the great potential in the practical applications.
7. Smart polymeric materials boronic acid sensors (Table 8) Incorporation of boronic acid groups into the polymer matrix can signicantly enhance the binding. This boronic acid functional polymer dates back to the pioneering work of Wulff et al. 142 Smart polymers can convert the variation in external stimuli, such as temperature, pH, or glucose level. Due to the stability, handling and biocompatibility of polymers, scientists tend to consider this smart polymer when fabricating sensors, including Asher et al. 143 Boronic acid functional polymers are extensively used, such as the modication of quantum dots (QDs) with PBA, 11,144 the use of molecularly imprinted polymers, 145 the construction of multifunctional hybrid nanogels,
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including the uorescent beads mentioned above. 61, 62 Those molecular sensors that combined with smart polymers to detect D-glucose are receiving increasing attention.
Quantum dot boronic acid sensors
With the application of uorescent sensors to protein labeling in living cells, it is more clearly understood dynamics of intracellular structures, signal transduction and interactions of cells, but more complex environmental requirements are encountered, such as the need for long observation times, masked signals from labeled molecules by cells autouorescence, and so on. 146 This requires new methods and tools. The size and shape of QDs can be precisely controlled by time, temperature, etc. Their energy levels are quantized with values directly related to the size (hence the name quantum dots). 147 Compared with traditional uorophores, QDs with a diameter of several nanometers have broader band absorption spectrum and long uo-rescence lifetime, which meet the needs of uorescent sensors. 148 Zhou et al. reported that the CdS QDs were immobilized in a microgel containing boronic acid groups and have a good selectivity to glucose. 144 For the expanded research, they modied CdTe/ZnTe/ZnS core-shell (CS) QDs with PBA, and incorporated them into mouse melanoma cells, as depicted in Fig. 11 . As a result, they could successfully image mouse melanoma cells.
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Zhang et al. reported rstly the method of boron-doped graphene quantum dots (BGQD), which selectively recognize glucose on the surface of BGQD, 149 as depicted in Fig. 12 . This may be ascribed to the reaction of two cis-diols units in glucose with two boronic acid groups on the surface of BGQD. They produced a structurally rigid BGQD-glucose aggregation that limited intramolecular rotation, blocked nonradiative relaxation channels, and lled the radiation attenuation, resulting in a substantial increase in the strength of PL. Due to the absence of two cis-diols units, fructose, galactose or mannose were simply combined with BGODs containing exposed boronic acid groups, but couldn't be further combined to form an aggregation. They found that the signal intensity increases with increasing glucose concentration in the range of 0.1 to 10 mmol L À1 , the detection limit is about 0.06 mmol L À1 . This study brought a new scientic understanding of glucose detection. Due to boronic acids formed stable boronate complexes with vicinal diols, Liu et al. functionalized water-soluble sensor 67 (CuInS 2 QDs) with 3-aminophenyl boronic acid by the one-step hydrothermal method. 150 The CuInS 2 QDs were covalently bound to the 3-aminophenyl boronic acid and formed 3-aminophenyl boronic acid functionalized CuInS 2 quantum dots (F-CuInS 2 -QDs). This sensor contained boronic acid groups, which were capable of reacting with ortho-diols to form a ve-or six-membered cyclic ester in an aqueous alkaline solution. This combination caused F-CuInS 2 -QDs uo-rescence quenching. Consequently, the sensor could be applied to detect dopamine based on this property, as depicted in Fig. 13 . Under the optimum conditions, the linear range of dopamine detection is 0.5 to 40 mol L À1 , and the detection limit is 0.2 mol L À1 . 
Smart polymer gels boronic acid sensors
The microgels react with 1,2-or 5,6-cis-diols of glucose and form glucose bisboronate complexes, resulting in gel network shrinkage. Based on this nature, Zhou et al. prepared a highly selective glucose sensor 68, which had two boronic acid microgels (GS@(4-VPBA) and GS@pPBAs) with covalently immobilized graphene sheet (GS), 151 as depicted in Fig. 14 . The monolayer carbon atoms of graphene have a huge electron mobility, can induce the PBA ionization around graphene, making the microbial gel into a negatively charged at physiological pH 7.4. Glucose crosslinked with two boronic acid groups of microgels, causing microgel volume shrinkage and further leading to an increase in photoluminescence of graphene. However, the fructose and borate formed a monodentate complex, causing microgel volume expansion. The team had successfully applied this material to the detection of glucose in serum samples, which may open up new possibilities for the synthesis of potentially selective glucose-reactive microgels.
The hydrogel is a polymer network that can swell and retain aqueous solutions, meeting the need of functional and tunable biomaterials. 152 Cai et al. synthesized a glucose-reactive hydrogel 69 that 3-acrylamidophenyl boronic acid copolymerized with ethylaminoethyl methacrylic (p(APBA-b-LAMA)).
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When glucose was added, the insulin release was signicantly increased, indicating that glucose was triggered by the molecular exchange process. Subsequently, cytotoxicity analysis in vitro showed that the presence of carbohydrates polymers did not adversely affect cell proliferation. Due to the introduction of the carbohydrates moiety, cell compatibility of the carbohydrates-polymer hydrogel with PBA is signicantly improved, which makes it potentially useful in the biomedical eld. Consequently, the development of intelligent glucose response insulin delivery system in the treatment of diabetes has an important practical application.
The molecularly imprinted polymer (MIP) is selectively detected the target compound by binding the binding cavity. Target compound polymerizes with the crosslinking agent and functional acceptor, and then binding cavity forms by removing the target compound under appropriate conditions, which is similar to target compound on size, shape and surface chemical properties. Owing to the prepared binding cavity is suitable for the target compound, selective recognition can be performed.
153
Zhao et al. developed the biologically signicant sensor for glucose, mannose, and galactose through the borate affinity MIP method, 145 as depicted in Fig. 15 . They converted glucose into diborate and then implanted it into the micelle by copolymerization with the methacrylate group in the micellar nucleus, followed by washing with different polar solutions to remove the glucose and obtained a binding cavity. The K a value between MINP (glucose) and glucose is 1.18 Â 10 3 L mol À1 , and the K a value of the other monosaccharides is negligible, which is in good agreement with the expected selective binding of the target compound. Molecular imprinting creates complementary objects that are increasingly popular, 154 and the number of binding sites of per nanoparticle can be controlled by the ratio of surfactant to the target compound. It is completely watersoluble and can be used to precisely position and orient the binding groups on a cross-linked micelle, which distinguishes different carbohydrates.
Nanosensors
For small molecule sensors, there are some constraints to improving the selectivity by changing their structure, such as increasing the amount of boronic acid groups as recognition sites. Owing to the comfortable spatial position between boronic acids also plays an important role in the selectivity of the sensor, increasing the molecular structure undoubtedly increases the difficulty of synthesis. Thus, designing higher selective sensors requires the assistance of other elds of technology. Nanosensors have the high surface area, strong adsorption capacity and good electrical conductivity, which endows special properties to some small molecule sensors. Nanomaterials are very sensitive to changes in the external environment, such as temperature, light, humidity, etc., which can cause rapid changes in surface or interface ion valence and electron output.
155 Therefore, the small molecule sensors connected to the nanomaterial interact with detection object causing a small change, which is amplied by the nanomaterial, making easily captured by the detector, thereby improving the selectivity and sensitivity of the sensor to a certain extent. Carbon nanometer is an ideal building material. For instance, boronic acid modied carbon nanotubes (CNTs) can be prepared by a variety of sensors, one of which is near infrared reection (NIR) optics glucose sensor for in vivo glucose monitoring prepared by combining boronic acid with single-walled CNTs (SWNT). 156 There are transistors composed of CNTs and pyrene boronic acid, which are used to detect D-glucose concentration. 157 The content of D-glucose, D-fructose, and Dmannose in fruit juice can be determined by the glass carbon electrode modied with graphene oxide and 4-aminophenylboronic acid. 159 They bound 4-mercaptophenylboronic acid to the surface of AuNPs through its thiol and introduced MPBA-AuNPs into the polymer matrix to prepare electrochemical sensors to detect neutral carbohydrates. Although carbohydrates are a neutral molecule, the interaction between PBA and carbohydrates leads to the release of protons, altering the proton concentration in the pH sensitive matrix of polyaniline (PANI) and resulting in generating an electric potential. The sensor has the following advantages.
First, the sensor can analyze the neutral analyte. Second, it solves the compatibility issues between the ion carrier and the polymer matrix.
Basiruddin et al. reported on a uorescent nanosensor 70 that can be applied to detect glucose. 160 It consists of phenylboronic acid functionalized reduced graphene oxide (rGO PBA) and diol-modied uorescent sensor. Diol modied uorescent sensor and rGO PBA form cyclic ester bonds, leading to uo-rescence quenching. However, aer addition of glucose, glucose replaces the diol-modied uorescent sensor on the GO and forms a new cyclic boronate 71 with rGO PBA, thereby starting uorescence. Glucose concentrations in the range of 2 mg mL À1 to 75 mg mL À1 can be tracked by this uorescent nanosensor.
Due to their ease of synthesis and long-term storage, nanosensors can be designed as drug delivery drug carriers for the detection of various cancer cells.
Ouyang et al. reported an ultra-sensitive solid phase microextraction (SPME) sensor 72. It was fabricated by PBA functionalizing CNTs and successfully applied to direct recognition of carbohydrates in biological uids and semi-solid biological tissue in vitro or in vivo. 161 First, PBA functionalized CNTs acted as carbohydrates nanoreceptors. Nano-receptors hybridized with acid resisting polyacrylonitrile (PAN) groups in an appropriate ratio and then linked to a pretreated quartz ber via the dip-coating method. In this progress, 3D interconnected architecture was formed, which facilitated the sensor binding to carbohydrates, and its enrichment factor was up to 151. The proposed sensor is able to couple with GC-MS aer changing the pH, which is remarkably increasing the sensitivity of carbohydrates recognition, as depicted in Fig. 16 . The sensor offered a specic scaffold of the diols unit, in particular, cisdiols. Thus carbohydrates that have various 1,3 or 1,2 cis-diols units can be easily captured by the scaffolds. Up until now, the sensor was far superior to other sensors that were widely used for bioanalysis, including polydimethylsiloxane (PDMS) 162, 163 and C18, 164 and they were ideally suited for the identication and differentiation of carbohydrates in multi-carbohydrates systems. Compared to most carbohydrates sensors, the sensor has higher sensitivity, wider linear range and excellent qualitative ability in multi-carbohydrates systems. Consequently, this approach holds the unique potential of new avenues for the facile and efficient recognition of carbohydrates.
Based on the principle that boronic acid forms a reversible ve-or six-membered cyclic boronic esters with cis-1,2-or 1,3-diols, Ramsay et al. reported the identication and discrimination of mixtures containing different components of carbohydrates by single molecule analysis. 165 According to the uctuation of the ion current generated by the binding of the boronic acid-modied engineering protein nanopore to different sugars, this method can determine the binding mode, thereby realizing the differentiation of different carbohydrates. In the disaccharide (D-maltose) and monosaccharide (D-glucose) mixture components, it is easy to discriminate by visually checking the current recording. In the monosaccharide mixed components, the characteristics of D-glucose and D-fructose can be distinguished by dwell-time analysis. Owing to distinguishing multi-component carbohydrates, this single-molecule analysis method is benecial to improve the accuracy of blood glucose monitoring and will have a great impact on the design of continuous blood glucose monitoring devices for medical diagnosis. Similarly, Nishino et al. reported a supramolecular strategy for carbohydrates detection by single molecule junction. 166 Owing to only glucose forms a single molecule junction composed of 1 : 2 monosaccharide 4MPBA supramolecular complex, this strategy can contribute toward the achievement of minimally invasive glucose sensing.
7.3.2. Nanosensors for glycoproteins. Zhang et al. rstly reported a novel uorescent nanosensor for selective monitoring of glycoproteins. 167 This nanosensor, which regulated the recognition of glycoproteins by controlling pH and temperature, was based on molecularly imprinted spatial structures and borate affinity. The team obtained the glycoprotein template by copolymerizing OVDAC-coated CdTe nanocrystals (NCs) with NIPAAm of the temperature-sensitive element and VPBA of the recognition element, and successfully applied to detection of horseradish peroxidase (HRP) in human urine samples, as depicted in Fig. 17 . This study provides a simple and effective uorescent tool for the diagnosis of clinical glycoproteins.
7.3.3. Nanosensors for sialic acid. Targeting recognition of tumors by nanoparticles is an effective method of improving the efficiency of chemotherapy. 168 The expression of sialoglycans in tumor cells provides a favorable target. 77 Owing to PBA can selectively recognize sialic acid, 169 Deshayes et al. had developed PBA-conjugated micellar nanoparticles 73 combining the maternal complex of anticancer drug oxaliplatin. The micellar nanoparticles can target cancer cells containing overexpression of sialic acid epitopes. 170 Aer assembly of the PBA, the micelles show high affinity for sialic acid and are conrmed by uores-cence spectroscopy in tumor cells. At pH 6.5, micelles could improve the capacity of recognition and uptake of tumor cells, thereby enhancing the cytotoxicity of drugs on B16F10 murine melanoma cells in vitro. The incorporation of PBA complex micelles could effectively reduce the growth rate of melanoma in situ and lung metastatic models. Those studies indicated that nanoparticles in combination with PBA can achieve tumortargeted therapy and provide a method for clinical diagnosis and therapy of solid tumors, as depicted in Fig. 18 . Finally, the boronic acid groups of the PBAQA-PGMA sensor interacted with the glucose moiety of the G-5hmC-DNA and formed a boronic acid ester, enhancing the uorescence signal. The uorescence signal of the DNA sample solution was proportional to the content of 5hmC. Furthermore, the PBAQA-PGMA sensor could gather G-5hmC-DNA from complex raw materials containing a low content of 5hmC, which facilitated to increase its sensitivity. They found that the uorescence intensity increased with increasing 5hmC concentration in the range of 0 to 100 nmol L À1 , the detection limit was about 0.167 nmol L À1 . The sensor displays good detection sensitivity and selectivity and holds great potential to be an effective diagnostic and prognostic tool for the disease in the term of the physiological signicance of 5hmC.
Conclusions and perspective
Boronic acids have been successively developed as uorescent sensors for carbohydrates since the phenomenon that boronic acids and 1,2-dihydroxy or 1,3-dihydroxy group can reversibly bind in an aqueous solution was reported in 1959. These sensors are based on different uorescence mechanisms such as PET, FRET and so on, which can combine with carbohydrates to achieve off-on or on-off uorescence changes. Owing to the carbohydrates have multiple binding sites, the diboronic acid having a specic structure can signicantly increase the affinity and selectivity for certain carbohydrates. The selective recognition of carbohydrates, especially those with physiological and pathological functions, is of great signicance for the in-depth study of related diseases. For example, glucose selective uo-rescent sensors provide great help for the diagnosis and treatment of diabetes. Fluorescent sensors targeting tumor cell surface-specic sialyl Lewis oligosaccharide lay a foundation for tumor cell imaging and in vivo imaging. Early effective diagnosis and screening of cancer have always been the direction of scientists' constant efforts. In this regard, boronic acid uorescent sensors may provide an effective strategy. In addition, there are many reports on the identication of boronic acid sensors such as catecholamines, various ions, and reactive oxygen species. They are expected to be utilized in several analytical tasks in the future, including on-site diagnosis of disease, 173 detections of ionic compounds, 14-17 protein modi-cations, 174 or cancer cells imaging.
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In recent years, the design of boronic acid sensors has become more sophisticated, and the more elds involved. As mentioned in the review above, the selectivity can be increased by adding a boronic acid groups to the molecular structure and maintaining a comfortable spatial position, or by connecting a new material such as a quantum dots to increase the uo-rescence intensity. Some new material elds endow unique properties to boronic acid sensors. For example, a smart gel that forms a multifunctional hybrid nanogel with boronic acids can respond to the release of insulin regulation by a glucose sensor detecting the blood glucose concentration. Owing to smart gels can remain in patients for long periods of time, hydrogels with highly selective glucose sensors have enormous potential for clinical treatment of diabetes. 175 Simultaneously, some research has focused on exploiting next-generation functional materials for other uncharted regions, such as PBA-modied QDs, 150 PBA functionalized CNTs, 156 boronic acid functionalized gold nanoparticles as electrochemical sensing elements, 159 etc. Although there are many uorescent sensors reported so far, most of the discovery strategies are based on blind screening, and the hit rate is not high. A truly effective borate screening model for a target carbohydrates, especially related models based on computer-aided design, is rarely reported. The main reason is the compatibility of boronic acids in some calculation soware, and some parameters combined in aqueous solution are difficult to simulate with calculation soware. With the increasing number of boronic acid sensors reported so far, if we can summarize the relevant binding rules and structure-activity relationships, and establish an effective screening model to achieve a "rational design" of boronic acid sensors, it will greatly save development time and cost. Sensors targeting tumor cell surface-specic oligosaccharides have been reported now. However, due to the complexity of the physiological environment in the body and many interference factors, there is still a long way to go before they can be applied to human body. In the future, if breakthroughs can be made in terms of selectivity and uorescence properties, achieving early diagnosis of diseases, tumor treatment and prognosis will be the gospel of cancer patients and all human beings. From a personal perspective, the research of boronic acid sensors is as hot now as it has ever been. We anticipate that this review will inspire others to explore more practical boronic acid sensors.
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